The electronic structures of the manifold of potential energy surfaces generated in the lower energy range by the interaction of the MgH + (X 1 Σ + ) cationic molecule with Rb( 2 S) neutral atom are obtained over a broad range of Jacobi coordinates from strongly correlated ab initio calculations which use a Multireference (MR) wavefunction within a Complete Active Space (CAS) approach.
I. INTRODUCTION
The experimental and computational advances in our capacity of producing and trapping samples of cold (below 1 K) or ultracold (below 1 mK) molecules in the gas phase have made tremendous progress in recent years and have dramatically enhanced our detailed understanding of the processes at hand within their nanoscopic evaluation [1, 2, 3, 4] .
The ensuing cold and ultracold molecular species have many possible applications such as allowing for the accurate measurement of fundamental physical properties [4] , the possible evaluations of small energy differences between enantiomers [5] and the observation of temporal changes of the fine-structure constant [6] . Furthermore, dipolar species have been suggested as qubits in quantum computers [7] and polar gases in general, neutral and ionic, are expected to exhibit even more marked novel features due to their environment [8] . In addition, translationally cold molecular ions, and polar ions at that, can also become embedded inside Coulomb crystals [9] and provide ideal targets for a large variety of investigations like high precision spectroscopic measurements and state selected partners in ionic reactions [10] .
Earlier suggestions in this experimental area include the analyses of the Ca + /Na system by the Storrs group [11] , while the choice of a molecular partner as we shall be examining here is currently being considered by various experimental groups as a possible option [12] . The insertion of a molecular ion partner within a Coulomb crystal [13] , i.e. their phase transition to an ordered state at ultralow temperatures in the range of a few millikelvins, is one of the intriguing steps for the subsequent handling of such ions within a broad variety of molecular processes. The present study therefore intends to provide, within a fully ab initio formulation of the problem, an accurate description of the interaction forces which drive some of the possible collisional processes at such low temperatures. In particular, we wish to present the energy details and the spatial features of the various potential energy surfaces (PES) which become relevant in the direct process that involves MgH
with Rb( 2 S), both partners being current candidates in cold trap experiments [12] . Because of the differences between the ionization potentials of the two partners we shall also show that the MgH(X 2 Σ + ) molecule interacting with Rb + ( 1 S) is indeed an important outgoing channel, which provides an interesting reactive outcome of the process and which remains open even at ultralow energies. The Section II therefore discusses our computational details while Section III presents our results and analyses the novel features of our final PES's.
Conclusions are given by the last Section IV.
II. A COMPUTATIONAL SCHEME FOR THE INTERACTION FORCES
A. The RbMgH + electronic structure
In order to become familiar with the terms and the physical features of the chosen partners in the iontrap, it is useful to remind ourselves of the way in which their electronic features are put together from an ab initio viewpoint. A direct comparison between the The columns labeled by "conf." report the occupation number of the active orbitals (i.e. the electronic configurations). More precisely in those columns, the first four occupation numbers refer to the σ-like orbitals (A symmetry): 3sσ, 3pσ, 3dσ and σ * , while the last couple of occupation numbers refers to π-like molecular orbitals (A and A space symmetry). The symbol + or -stands for orbitals occupied by only one electron in an α or β spin state, respectively. The columns labeled by the electronic states term symbols report the coefficients of the CI expansion for the particular electronic state. 
B. Details of the PES's calculations
The geometry of the MgH-Rb ion complex is described in Jacobi (r,R,θ) coordinates where r is the distance between the atoms within the MgH molecule, R indicates the distance between the center of mass of MgH and the Rb atom and the angle θ is taken between R and r: the θ = 0 o orientation corresponds here to the MgH-Rb collinear configuration with the Rb atom approaching the H side of the neutral/ionic molecule: in the present calculations the distance r was kept fixed at the calculated equilibrium distance for the
6250Å). The equilibrium distance of the MgH
states was extrapolated from the ground state PEC reported in the lower panel of figure 3 .
The electronic structure calculations have been carried out on a discrete grid defined by varying the Jacobi coordinates R and θ. [18, 19] .
In order to obtain the interaction energy from the calculated electronic energy, we used as "zero of the interaction energy" the electronic energy of the system calculated at R=300Å.
At this distance the angular variation of the ground state energy is about 10 −8 E h (about 0.002 cm −1 ). The remaining interaction energy at this distance could be estimated as not greater than 0.04 cm −1 which is the difference between the ground state energy calculated at R=300.0Å and the one calculated at R=275.0Å. Because of the important role played by the ionization potential of the molecular partner in the present study, we report in (from ref. [21] ). Since our calculated values turned out to be very close to the experiments (see before) we see in the molecular case that the cc-pVQZ basis set choice converges to a stabilized estimate of the IP value. The atomic calculations also appear to get very close to experiments and surmise a difference between the two asymptotic charge-exchange systems of about 2.2 · 10 4 cm −1 . To make pictorially clearer the relative shapes of the molecular potential curves which are relevant for the present study, we are presenting in the two panels of figure 3 the low-lying electronic states of MgH (upper panel) and the ones related to the molecular ion in the lower panel. The data clearly show the small geometry change that takes place upon the charge exchange process when we start from the v=0 vibrational state of MgH
III. PRESENT RESULTS

A. The shape of potentials at fixed orientations
If we were to adopt for simplicity a purely electrostatic model, which is increasingly valid as the R distance becomes greater, we would recognize that for the RbMgH + complex we potential (see Table II state, from which it can further decay by radiative transitions. From the above discussion, therefore, it is clear that the strength of the relative interactions, and the possible existence of complex bound states within any of the relevant PESs for the title system, are crucial elements for selecting possible pathways to the decay, or excluding it, for the initial system containing the molecular cation. We shall therefore present below the overall fitting of all the relevant interactions which we have discussed above along specific angular cuts and describe their overall feasibility for collisionally coupling radiative states into the final chargeexchange products.
B. The numerical fit of the PESs
The calculation of the potential energy surfaces have been carried out, as mentioned before, by considering the initial molecular ion at its equilibrium geometry so that only a 2-dimensional mapping of the PES's was generated using the previously discussed ab initio procedure. Each PES was then represented by using the two-center expansion already employed by us in our previous work [22] and described there in greater detail. Here, suffice it to say that we can represent each adiabatic (Born-Oppenheimer) PES as given by:
where sr and lr stand for "short-range" and "long-range" respectively and the labels a and b refer to either atom in the molecular partner.
The two terms in equation 2 contain a set of parameters describing the relevant radial coefficients centered on either of the molecular atoms times specific Legendre polynomials which are able to produce the angular dependence from that atom within the anisotropic interaction. Their actual forms have been given already in our previous work [22, 23, 24] :
here, it is obvious that the functional form of the long range part, V x lr , strictly depends on which fragment hosts the positive charge. Two cases can be distinguished:
• the positive charge is carried by the diatom,
• the positive charge is carried by the impinging atom.
The two options lead to two possible long range behaviors: in the case of the MgH + + Rb asymptote, and
if the complex dissociates as MgH * + Rb + . This choice of the long range parts follows directly from the electrostatic model proposed and discussed in section III A. In both cases as described by the equations (3) and (4) together with the actual calculation of the relevant Franck-Condon integrals. All of the above shall be the subject of an additional study, currently under way in our laboratory, while the present work chiefly intends to extract first and discuss the specific properties of accurate ab initio potential energy surfaces which could be employed to drive the ultracold dynamics. The general characteristics of such interactions, to our knowledge, have never been obtained before.
IV. PRESENT CONCLUSIONS
In this work we have computed from ab initio methods a set of potential energy curves which are expected to be involved in the low-energy interaction of a molecular polar cation, the MgH + ( 1 Σ + ), and the neutral Rb( 2 S) atomic partner. The experimental setup which is considered relevant for the present study is the one provided, at ultralow temperatures, by a Coulomb crystal arrangement of molecular ions interacting, and sympathetically cooled, by
Rb atoms in a cold trap environment [9, 12] . Although no experiments as yet exist on the present complex, the information which has been gathered by the present calculations should be a useful starting point for deciding on the likelihood of this molecular ion to be employed for sympathetic cooling with Rb cold atomic condensates.
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